
.tF.

- ( , - p27

Lfl

00)
AFWAL-TR-88-2007

A NUMERICAL SIMULATION OF THE FLOW FIELD
IAND HEAT TRANSFER IN A RECTANGULAR PASSAGE

- DTICS .. WTHA.T..LENEROM EELECTE

Bryan R. Becker, Ph.D., P.E. U 5 1 988
University of Missouri -.•Kansas City, MO S ' AA N .,

Richard B. Rivir, Ph.D.Components Branch -0

Turbine Engine Division

June 1988

Final Report for Period June 1987 - September 1987

., .

Approved for public release; distribution unlimited. %.%

AERO PROPULSION LABORATOPY %

AIR FORCE WRIGHT AERONAUTICAL L.ABORATORTES
AIRFORCE SYS7EM4S COMMAII%WRIGHT-PATTERSON AIR IORUHE. BASE, (P.O 45433-5t.3 %

.5 . 5 5%- S . S



I'

NOTICE

WHEN GOVERNMET DRAWINGS, SPECIFICATIONS, OR OTHER DATA APE
USED FOR ANY PUIFPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY
GOVERNMENT-RELATED PROCUREMEKT, THE UNITED STATES GOVERNMENT
INCURS NO RESPONSIBILITY OP. ANY OBLIGATION WHATSOEVER, THE FACT
THAT THE GOVERNMENT MA' HAVE FOPMULATED OR IN ANY WAY SUPPLIED
THE SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA, IS VCT TO BE
REGARDED BY IMPLICATION, OP OTHERWISE IN ANY MANNER CONSTRUED, AS ,

LICENSING THE HOLDER, OR ANY OTHER PERSON OR CORPORATION; OR AS '
CON 'VFYING ANY RIGHTS OR PERMISSION TO MANUFACTURE, USE, OR SELL
ANY PATENTED INVENTION THAT MAY IN ANY WAY BE RELATED THERETO,

THIS REPORT HAS BEET! REVIEWED BY THE OFFICE OF PUBLIC
AFFAIRS (ASD/CPA) AND IS RELEASABLE TO THE NATIOI.!AL TECHNICAL
INFORMATION SERVICE (NTIS), AT NTIS, IT WILL BE AVAILABLE TO THE
GENERAL PUBLIC, INCLUDII'G FOREIG CATION' S.

THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOF.
PUBLICATION,

R. B. RIVIR MATrlNGL , L'CUSAF
Project Engineer Chief, Components Branch

FOR THE COMMANDER

R. E. HENDERSON
Deputy for Technology
Turbine Engine Division

3 .

IF YOUR ADDRESS HAS CHANGED. IF YOU WISH TO BE REMOVED FROM OUR MAILING

LIST, OR IF THE ADDRESSEE IS NO LONGER EMPLOYED BY YOUR ORGANIZATION PLEASE

NOTIFY AFWAL/POTC WRIGHT-PATTERSON AFB, OH 45433-65 TO HELP MAINTAIN

A CURRENT MAILING LIST.

'COPIES OF THIS REPORT SHOULD NOT BE RETURNED UNLESS RETURN IS REQUIRED BY

SECURITY CONSIDERATIONS. CONTRACTUAL OBLIGATIONS. OR NOTICE ON A SPECIFIC

DOCUMENT.

r.1 , ;~ ~ _T _ 2 ;.,,...--v ., .- ,.,-. - -.- ,..,.- .- . . . . . -
. .. .•V.,,'- 'ft,' . " , ,. ," . " - . . " " , - .' . . ., . . .



;L -. 1. 
4i

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE P

REPORT DOCUMENTATION PAGE OMFor . 07p04-0

1a. REPORT SECURITY CLASSIFICATION lb RESTRICTIVE MARKINGS
UNCLASS IFIED --N/A

2a SECURITY CLASSIFICATION AUTHORIO 3, DISTRIBUTION /AVAILABILITY OF REPORT
N/A A:- n--rV.dl for piilic-, (!i-trilbtit ionl

2b DECLASSiFICATIONIDOWNGRADINC ,CHEDULF

N/A _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _4 PEFRMN ORGANIZATION REPORT NUMBER(S) 5 MONITORING ORGANIZATION REPORT NUMBER(S)

Arl'AL-TR-88-2OO7
6a. NAME OF PERFORMING ORGANIZATION 16b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

j (if applicable)
Conponents Branch JAFWA/PMT ____________________

6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)- :
AFWAL/PO'rC
Wright-Pattecson AFB 014-3433-6563

8a- NAME OF FUNDING /SPONSORING 8 b. OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATON NUMBER
*ORGANIZATION (i applicable)
AFOSRI MRN

8c ADDRESS (City, State, and ZIP Code) 10 SOURCE OF FUNDING NUMBERS

Boln i oc aePROGRAM PROJECT jITASK FWORK UNIT
Boilingto Air For03Bas ELEMENT NO NO. INO 3 ACCESSION NO

Washingto DC 2033261102F I2307 I ~ I '

11 TTL (ncud Scuit Casifcaio)A Numerical Simulation of the Flow Field and Heat Transfer in a U

Rectangular Passage with a Turbulence Promoter
12 PERSONAL AUTHOR(S)

Bryan R. Becker and Richard B. Rivir 1
13a. TYPE OF REPORT 13b TIME COVERED 14. DATE OF REPORT (Y'ear, Mfonth, Day) 15PAGE COUNT

FINAL IFROM Jun 87 TO Sep8'7T June 19PP ,I
16 SUPPLEMENTARY NOTATION

17. i. COSATI CODES 18 SUBJfCTHRMS (Continue on rev'erse if necessary and identify by block nr'mber)

FIELD GROUP SUB3-GROIJP

02 Heat Transfer, Turbulence Augmentation
04

19 ABS. T (Continue on reverse di necessary and identify by block number)

A n'-feriCal stud~y of the flow field and heat transfer 4r a turbine blade irltern?l
Ix* ini passage is described. IAttenfir-n -is focuseC cr. a~ short strb-Ight section of the

rectann' lar passage which includes a sinjl e turbulator protruc'ing from iit floor. The
tv.( cfirensior.el, traritint, Reynoldcs averaged' iavier Stokes, contirt!"y and energy'
equations are iterated to a steady stdte Solution usint the M'acCorfiack rxplicit preaictor-
ccu-rertor al!crithm. -lurbulence closure is achieved through the use of the Baldwin- I
Lomax forr of the Cebcc :I-Smith algebraic tv,,n liyer eddy viscositv moel.

Plots of Skin friction, local t'catl transfer raite, strcerflines, velAocity profiles and
temperature profiles are Oiven. It wa- frurd that thE, widely usee Reyno-lds Analogy .

greatly urderpredicts the heat t ransfer re,,c as given I3- z. direct calculation Lusing
Fcurier's lawl.

DD Form 1473, JUN 86 P~*'viowJ rdirionsa,e obsolete SEWiPI'e CLASSIFiCV'i0N CIH, A

UNCLASSIF D

N -~ -~ -' ---~ -~ -4\./~~ -f . -.% --~S ' ''p ' ',S V
% %~



TABLE OF CONTENTS

SECTION PAGE

T Introduction ............................................... I

II The Numerical Model ........................................ 7

A. Computational Domain ................................ 7

B. Governing Equations ................................. 8

C. Boundary Conditions .................................. 11

D. Initial Conditions .................................... 14 -

E. Numerical Algorithm ................................... 15

IIi Results .................................................... 16

A. Convergence ......................................... 16

B. Velocity and Tempeuature Profiles .................... 18

C. Streamlines, Skin Friction, and Heat Transfer
Rates ............................................... 22

IV Conclusions ................................................ 28

References ................................................. 30

Nomenclature ............................................... 32

,ce~o or -

JI, ..'t, -, .,,

. .-- . ._ i*.

% %

,";. ' ,. ", ".:'.-'-:' .9'.'-'r  ",'""[- ",,"-"]", -" '.N '-'" ",". '.'.',. L'..':.t'',.;".,,:,: ,,"..,X 'L,, ,,',",',:,; ,.',,"-'. ',.'.'," -" -" ,,"",,,,'" "" "'2"

'x '.-',- -.. ., ,.. , z,' ,.i ,, '. , ,:.a!. , 7, aJ ed',,t', flt~ t " ", -, ,--.,,-,,,-. c_ ,," ',,_ ','-, ," ,: ,,,- ,, .,, ,',- -,,. *L, " ''-"': .-" ," t.



-

LIST OF ILLUSTRATIONS
FIGURE PAGE

I The 100 by 60, (X,Y), computLatto,01 mesh used in

this numerical study ........................................ 34

2 Horizontal velocity profile at K = I.......................... 35

3 Temperature profiie at K = I................................... 36

4 Vertical velocity profile at K = I............................37

5 Horizontal velocity profile at K = 6 .......................... 38 a..

6 Temperature profile at K = 6 .................................. 39

7 Vertical velocity profile at K = 6 ........................... 40

8 Horizontal velocity profile at K = 11 ........................ 41

9 Temperature profile at K = II.................................. 42

10 Vertical velocity profile at K = II............................ 43

11 Horizontal velocity profile at K = 18 ........................ 44

12 Temperature profile at K = 18............................... 45

13 Vertical velocity profile at K = 18 .......................... 46

14 Horizontal velocity profile at K = 26....................... 47

15 Temperature profile at K 28 ................................. 48
L

16 Vertical velocity profile at Y 28........................... 49

17 Horizcntal velocity profile at K = 3 ........................ 50

18 Temperature profile at K = 33 ................................. 51

19 VeiuJcal velocity protile at K = 33 .......................... 52

20 Horizontal velocity profile -t K - 38........................ 53

21 Temperature profile at K = 8 ................................. 54

22 Vertical velocity profile at K 38........................... . S

23 Horizontal velocity profile a K = 47 .......................

24 Temperature profl > , ;,t ... ................................... 57

25 Vertical veIod - tv r,it i1,, 1 t K = 4 ..........................

26 Ho ijzontal v% Icci ,' pioi le L K ,/ ................... . .l



.J.
N I

SECTION I r

INTROLUCTION

In the design of the advanced gas turbine engines, which will power

the Nation's future aircraft, there are numerous fluid flow and heat

transfer phenomena which need to be better understood. As gas turbine

operating speeds, temperatures, and pressures increase, the heat loads

on the turbine blades increase which can result in high metal tempera-

tures and structural failure caused by thermal stress concentrations due

to severe thermal gradients. To reduce the effects of these heat loads,

cooling air is extracted from the compressor and is routed through small

rectangular cooling passages within the turbine blades.

The cooling air enters the root of each turbine blade and flows .%
d,

through complex, serpentine passages until it exits through the blade's -.

surface into the cavity surrounding the turbine rotor-stator. Since the

pressure drop, and thus the mass flowrate, along these cooling passages

is limited by the pressure differentiai between the compressor and the

turbine stage, methods other than increased coolant flow, such as the

introduction ot turbulators, must be used to enhance the heat transfer.

These turbulators or turbulence promoters, which consist of ribs

protruding from the walls of the internal cooling passages, increase the

turbulence level within the cooling air flow and thus augment the rate

of energy transfer from tL! turbine blade through the cooling passage

wall and into the cooling air flow. Thus, the resulting coolant flows

contain many complex phenomena which ate not adequately included in the

current heat transfer design of turbine blades. The detailed modeling

of these flows is essent al to the accurate prediction of the •

distribution of the loc;l heat transfer coefficient along the cooling

/ f-V.y~d,..*~~.** **~I (%"...................................p.



passages. Such prediction is necessary to achieve a thermal design of

these components which incorporates efficient cooling and thereby

alleviates the effects of the increased heat load.

There have been numerous experimental and analytical studies of the

fluid flow and heat transfer within straight rectangular ducts which

simulate the flow within the internal cooling passages inside a turbine

blade. Several investigators have studied the phenomena of secondary

flows in ducts with noncircular cross section. These secondary flows,

transverse to the main flow direction, are composed of eight counter-

rotating vortices which convect momentum, vorticity and total energy

into the corners of the duct.

in an early study, Gessner and Jones [6] utilized hot wire

anemometry to study secondary flow effects in fully developed turbulent

air flows within rectangular channels. They studied flows in channels

with smooth internal surfaces and reported that the secondary flow

velocity, when normalized by the axial mean flow velocity, decreased

with increasing Reynolds number. They also deduced that secondary

flows, composed of eight counterrotating streamwise vortices, are caused

by an imbalance between Reynolds stresses and static pressure gradients.

However, they presented no heat transfer results.

Launder and Ying [101 expanded upon the work of Cessner and Jones

161 by again using hot wire anemometry to study se(ondarY air flows in a

duct of square cross section. However, they considered ducts whose

surfaces were roughened with transverse mounted square turbulators and

concluded that the secondaiy flow velocity, when normalized by the

average friction velocity, I-came independent of Reynolds numbei and

surface roi,'hness. Again, no heat tr;r,-Ier results were repot-ted.

%I
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Later, Gessner [5] reported a detailed analysis of the mechanisms

which initiate secondary flow in developing turbulent air flow along a

corner. He concluded that transverse gradients of the Reynolds shear

stress components are responsible for the generation of secondary flow

within turbulent flows along a corner. Also, he reiterated that

seconoary flows act as a significant convective transport agent of the

momentum, vorticity and total energy of the main axial motion.

Melling and Whitelaw [12] were the first investigators to apply

laser-Doppler anemometry to the study of secondary flows within

developing turbulent flow inside rectangular ducts. They used water as

the working fluid and their results confirm the qualitative results t'

published by earlier investigacors but they indicated quantitative 4
differences. Their data are valuable for the verification of

mathematical turbulence models. Also, their work showed that the

developing flow is much more sunsitive to inlet conditions than is a

nominally fully developed flow. They did not study heat transfer

effects.
S

In summary, the focus of the above ment[oned experimental

investigations was upon the cause and structure of secondary flows -4..

within turbulent flows inside rectangular ducts. None of these

investigations studied the heat transfer phenomena occurring within these

duct flows.

Experimental studie, r,-re closeiy related to the thermal design of ,f-.

turbine blade cooling past,;mgpes begin to appear in the 1980's. For

example, Han [7] studied the 0f1c cts of square Lurbulator geometry upon

the heat transfer coeftic:ient and friction factor in fully developed 0

turbulent air flow through a squa 7r , duct with twu oppos i te ribbed wai ls.

3
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He used a blower to force room air through a test section consisting of

four heated aluminum plates of which the two vertical plates were

ribbed. The heaters were independently controlled so as to provide a

controllable constant heat flux throughout the test section. The test

section was instrumented with thermocouples and pressure taps while the

inlet air flowrate and temperature as well as the exic air temperature

were monitored. The friction factor was determined from the pressure

drop data and the Stanton number las determined from the air and wall

temperatures with the constant wall heat flux as a known boundary

condition. In this investigation Han studied the effects of rib height

to equivalent duct diameter (H/D) and rib height to rib pitch or spacing

along the duct (H/P). He reports that both the friction factor and the
a.

Stanton nun'-aer increase with increasing H/I) and likewise for increasing

H/P. He also presents an empirical prediction method for determining

the friction factor and the Stanton number for flows with this geometry.

In an additional study using the same experimental techniques, Han

et al [9] ir,estigated the combined effect:s of rib angle of attack (u)

and rib hei,l.t to pitch (H/P). They report that the maximum heat %

transfer and friction factor occurred at x of 60-75 degrees. They also

report thit as a decreased from 90 degree.s to approximately 45-30

degrees, le heat conductance, at a constart pressure drop, increased to

its maximum value while the pressure dop required for a constant heat

transfer rate decreased to its minimum valtn. Thus, it ;appears that an

angle of attack in the range c,f 4'1-30 degrees produces the optimal r

thermal performance for g given ayxi,-t pressure drop. They ,also report -.

that as the H/P ratio delredses ti, ,ian-e trends are evident hut are

relatively reduced. 0

,%
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Finally, Han et al [8] measured the combined effects of rib angle

of attack (a) and duct aspect ratio. Whereas previous work by Han had

been concerned with ducts of square cross section, this study involved

rectangular ducts whose ribbed walls were 2 to 4 times wider than their

smooth walls. They found that, for this type of duct, the heat transfer

and friction factor varied only slightly as a varied from 45 degrees to

90 degrees, with the maximums occurring at a equal to 90 degrees. They

also found that the heat transfer and friction factor increased as the

width of the ribbed wall increased relative to the width of the smooth

wall.

Several numerical studies of the flows in rectangular channels with

turbulators have also been reported. For example, Durst and Rastogi

[3) performed both experimental and numerical studies of the turbulent

flow over a transverse mounted square turbulator in a two dimensional

channel. Their experimental work involved the use ot a one dimensional

laser-Doppler anemometer to mpasure turbulence characteristics in a

plane two dimensional water channel. They usea the TEACH numerical

algorithm with a K-c turbulence model to simulate the two dimensional

flow in the recirculation region near the turbulator. However, the

velocity and turbulence profiles near the wall as well as the wall shear

stress ano hence the heat transfer at the wall were all determined by a

"aw of the wall" rather than calculatec as part of a detailed numerical "

analysis.

Fujita et al [4] numerically analyzed fully developed turbulent

flow in a square duct with two opposite roughened wails. They used a

stream function-vorticity formulation to solve for the flow field in

pianes orthoponal to the main flow direction anu tlc, marched this

0!400,~ N~ %~ N .%a %0.% %
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solution in the streamwise direction. Their results show the presence

of only four streamwise vortices rather than the eigbt reported by the

experimentalists mentioned above. Also, their calculations were '

performed on a very coarse 11 by 11 uniform mesh over a quadrant of the %,,

cross section of a rectangular duct and hence do r'ot capture much of the

detail of the heat transfer phenomena near the solid wall. .

"I.',

Linton and Shang [111 investigated jet impingement cooling of ,

turbine blades in a rotating frame of reference. Ttney numerically

solved the laminar three-dimetional, compressible Navier-Stokes

equations to yield a description of the flow field for both rotating and

stationary cases. However, their calculations omitted both the effects'

of surbulence and surface roughness.

In conclusion, the authors feel that there remains a need for the e

detailed numerical modeling of the heat transfer and flui flowhet s w

processes very near the fluid-solid interface. This paper reports on an -

a r-

initial, two dimensional modeling effort which begins to address this

need. In terms of lo rang frme goals, this detailed numerical model will

be expanded to include the effects of rotation, multiple turbulence

promoters and three dimensional secondary flows. In this way, as more

detail and completeness is added to the model, the local heat transferanfu fl

rate along the cooling passage will be more accurately predicted, " '

thereby en abling the optimization of coolinp configuration design prior

to full scale prototype testing an tr aLa reathy reduced cost. This

optimal htat transfer design wing result in lower metal temperatures and

reduced thermal gradient, thus enoas ng the turbine mades to withstand

the increased operating conditions neces r to imprvne efficiency.

%
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SECTION 11

THE NUMERICAL, MODEL

.- N.

A. Computational Domain .

m0

In this initial numerical study of the fluid Ilow and heat transfer

in a turbine blade internal cooling passage, attention is focused on a "''

two dimensional flow over a single turbulator of approximately square '

cross section which protrudes upward from the floor of the passage,

transverse to the main flow direction. The X-coordinate is oriented

along the length of the passage, coincident with the bulk flow direction

while the Y-coordinate is oriented in the direction of the turbulator *£

height, normal to the passage floor. This two dimensional "

approximation, which greatly reduces the computationol complexity and '

cost, is con,,idered to be sufficient for this initial study. The ,-

accuracy of this two dimensional assumption increases as the passage ?-

aspect ratio (height/transverse width) decreases and is a very e .

i asonable numerical approximation to the experimental study reported by 4.

Han et al [81 for a passage aspect of 0.25. .

An outline of the computational mesh or domain is shown in Figure "".

1. The main flow direction is from left to right with the left and "-

right bou.,!,i-ies being the inflow and cutflow boundaries, respectively. .'

The lower boundary is a !7;olid wall boundary while the top boundary is a j

symmetry bourdary which simulates the centerline of th~e flow passage. .

The turbulence promoter or rib is modelled as an obstruction protruding "

upward from the bottom boundary with a flat 'lop wl.ose length in the, "

streamwise direction is cql~at to its !,eight. The iq ,scream and down- .

stream faces of the rib 're model-lea as sin ii (2 rib height)J,'-'

Ile ,

7 " ' .'
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so that the total width of the rib is three rib heights, measured from

the point of departure from horizontal to the point of return to
%0

horizontal.

The computational domain extends 20.0 rib heights in the streawwise

X-direction and 4.2 rib heights in the vertical Y-direction with the

upstream face of the rib beginning its departure from horizontal at

approximately 4.0 rib heights from the inflow boundary. There are 100

grid lines in the X-direction, clustered around the turbulence promoter

with the distance between grid lines growing geometrically from an

initial spacing of 0.1 rib heights. There are 60 grid lines in the

vertical Y-07rection with 44 within the first rib height which is well

within the L,,rbulent boundary layer. The mesh ;pacing grows in the

Y-direction as a geometric progression from an initial spacing of 0.01

rib heights. From this description, it can be seen that the

computational mesh has very high resolutiov. 3nd is capable of revealing

considerabW,: detail of the flow field ard heat transer near the

turbulenct. promoter.

B. Gove.' ':.g Equations

The governing equations for this simulation consist of the two

dimensiorvl, Reynolds averaged form of the tollowing turbulent,

compress' , ,t unsteady equations- continuity, viscous Navier Stokes,

and energ::

-! . ( )o (

(pu) + +* ;(? r

3t + ( puu - C (2)

+ (3)

3t

P~

V% % %

"~ * **.p
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The dependent variables in these equations are the time averaged values

of density, x-momentum, y-momentum and total energy: p, pu, pv, and

pe p[c T + (u 2 + v 2 )].

The Reynolds averaging of the turbulent equations produces .

components of Reynolds stress which appear in the stress tensor, T, and

correlations of velocity and temperature fluctuations which appear in

the heat flux vector, q. The required turbulence closure is achieved ..

through the use of the Baldwin-Lomax form of thv Cebeci-Smith algebraic

two layer eddy viscosity model (1]. The Reynolds stress components are

then modelled as the product of the eddy viscosity, t, times the

velocity gradient of the mean flow while the correlations of velocity

and temperature fluctuations are represented with a turbulent Prandtl

number (Prt  0.9):

tI

au. u.,
= (I +E) ( + i) G 2 ) + P (4)

qi (.Pr Pr ix.,
t

Suthert;!nd's law is used to calculate the molecular viscosity of

air, P, a.,; a function of temperature. The molecular Prandtl number, Pr,

is assumed to have a constant ,alue of 0.73 while the constant volume

specific heat of air, c , is taken to be 4z90.0 ft2 /s 2 -R; (- = c /c = •v p v ..

1.4). Th,. equation of state is as.-umed to be the ideal gas law with the %...-

gas constant for air equ;il to 176.0 it'/. ;
2 '-R.

As s' .wn in Figure 1, the (X,Y) cooidinate svstm is a body fitted

coordinate system which is deformed to account for the rib on the lower

boundary. This deformed coor(i.llate system re .ults in comptational '

cells whi h ,re not rectr) - lai !, it -ather distorted quadrila-tcrals. In

0



order to maintain second order calculational accuracy in the spatial

domain, a coordinate transformation is made to a uniform rectangular

(E,n) grid, by means of the chain rule, the governing equations in the

transformed space can be written in conservation law form as follows:

-+& P+ nL -+ C - + ' L 0 (6)
at x a& x ar Y yh -rj

In Equation (6), & rI , , and n are the first order partial
y y

derivatives of the transformed independent variables (f ,r) with respect

*to the coordinates (X,Y), and the vectors t, and 4are defined as

follows:

P -.

U (7)

Pv

pe

pu

Pu 2- T x

PUV - T Sy

(pe - T )U- VT + q -

xx xy x 4

Pv

U (Q)
2Pv- T

yy

(pe -T )V U T + q
yy xx' V

T'his set of equations along with- the appropriate boundary and initial 4

conditions constitutes the matheratical moatl of the cooling air flow

through a rectangular passage with a turbiulence proimoter.

10'
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C. Boundary Conditions

Specification of appropriate and consistent boundary conditions is p

essential to achieving a realistic and stable numerical solution for any

fluid flow or heat transfer problem. In the current simulation there

are four boundaries which must be considered: bottom, top, inflow, and

outflow. Since there are four unknowns, then at each boundary, four

conditions must be specified.

The bottom boundary, J = 1, is a solid, isothermal, no slip

boundary maintained at Twali 580.0'R, which implies the following

conditions:

(pu)j=l = (pv)j= 1 = 0 (10)

(pc)j= 1 = P wall cv Twall (11I)i "

The assumption that the normal derivative of the pressure vanishes at

the wall, coupled with the specification of the wall temperature,

implies the following condition on the density at the wall: A-

(PT)
= Pwall = J=2 (12)

rwallI €,

The top boundary, J = JMAX, which is located at the centerline of

the rectangular passage, is a symmetry boundary within the free stream.

Symmetry implies that the vertical velocity vanishes: %

(PV),~ 0 (13)

Since the top boundary is within the free stream, the horizontal

velocity, pressure, temperature, and density ere all equal to the free

stream vaues which are specified as follows:

u = 262.21 ft/s (14)

2116.8 lbjt (15)
f

To = 540.0'R (l,)

20
P = 0.0022P4 lbf-s /17) %

II



These specifications imply the following boundary conditions:

=JMAX p P. (18)

(PU)JMAX -- Pou (19)

(Pelj,.X = P. [c T. + (u.) 2 1 (20)

At the upstream inflow boundary, I = i, it is assumed that the flow

experiences reversible, adiabatic acceleration from stagnation conditions

in a settling tank upstream of the inflow boundary. To determine the

corresponding stagnation temperature and pressure, it is assumed that

the air in the settling tank contains the total energy of the free

stream. That is, the stagnation temperature and pressure are determined

by applying the first law of thermodynamics and Bernoulli's equation to

a reversible adiabatic total deceleration from the free stream velocity,

pressure, and temperature specified above in Equations (14) through

(16). The resulting stagnation temperature and pressure are thus

calculated to have the following values:

T = 545.72°R (21)
0

P = 2195.33 lb /ft 2  (22)
0 f '

These upstream settling tank conditions are then used to determine the

inflow boundary conditions. First, it is assumed that the flow has been

conditioned prior to entering the rectangular passage so that it enters

as parallel flow with no vertical component which imposes the following .

boundary condition on vertical momentum:

(pv) =0 (23)

Second, it is assumed that the norma, gradient of the temperature

vanishes at the inflow which implies that the temperature ,; 

extrapolated from the interiot of the flow field:

TI= =1I= (24).,-

T?1=1 1=



P %

Thus, the horizontal velocity component can be calculated by applying

the first law to the reversible adiabatic acceleration of the air from

the settling tank:

= [2cp(T 0 -T1 )]1
/2  (25)

The isentropic pressure relation is then used to determine the pressure

at the inflow:

PI Po(T/T 0 ) 
Y /Y-  (26)

Finally, the boundary condition on the density at the inflow is given by

using the ideal gas law:

p1 =1  P1/(RAIRT1) (27)

and,

(Pu)l 1  PlUl (28)

(pe)P 1 P[cvT1 + (u1 )
2  (29)

At the downstream outflow boundary, I = IMAX, the pressure is

specified to be the free stream value while the normal gradients of the

velocities and total energy are set to zero which implies that the

values of these variables are extrapolated from the interior of the flow

field:

P P,(30)IMAX r

UIMAX = IMAX-1 (31)

VIMAX =v MAXI (32)

IMi IMAX-1elMA.'  elMAXI (33) ..

The conditions on the velocities and the total energy at the outflow

imply a spccification of the temperature at the outflow which in turn

implies a boundary condition on the density at the outflow via the ideal

gas law:

%I
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PIMAX = PIMAX / (RAIR'TIMAX) (34)

and, h

(PU)IMAX = PIMAXuIMAX (35)

(pv)IMAX = PIM AXVlMAX (36)

(P)IMA4 = PIMAX eMAX (37)

D. Initial Conditions

In the current simulation, no attempt was made Lo produce a time

accurdte solution of the initial transient of the developing flow.

Therefore, the initial conditions were used only as a starting point

from which the algorithm could begin calculation of a steady state

solution.

To this end, at the beginning of the calculation, it was assumed

that a turbulent boundary layer, two rib heights in thickness, 6,

existed throughout the rectangular channel. Within this boundary layer,

the horizontal velocity was given by the 1/7 power law:

u(y) = uoo(y/6)' / 7  (38)

Above the boundary layer, the horizontal velocity was set equal to the

free streaii, ',elocity, Equation (14).

Throughout the flow field, the vertical component of velocity was

set to zero; while the pressure, temperature and density were set equal

to the free stream values, Equations (15) - (17). The initial

condition:-; on the momentum and total energy were then calculated using

the initial values of these primitive variables. Finally, the density 7

and energy at the solid boundary were modified to account for the higher

tenperature of the wall. %
14
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E. Numerical Algorithm

The current mathematical model of the cooling air flow through a p

rectangular passage with a turbulence promoter is composed of the

computational domain, the set of governing equations, the boundary

conditions, and the initial conditions. The numerical algorithm used to

calculate the solution to this model is the MacCormack explicit

predictor-cotrector technique as implemented by Shang and Hankey [14].

Although this computer code can be utilized to achieve a time

accurate transient solution, it also contains an option which allows

accelerated convergence to a steady state solution through the use of

local time stepping. This local time stepping option was invoked in the

current simulation to produce the steady state solution described in the

following section.

"1, %]
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SECTION III

RESULTS p

A. Convergence

In Shang's implementation of the MacCormack algorithm, various

options exist to accelerate convergence and/or maintain numerical

stability. The algorithm can be run in the local time step mode to %

accelerate convergence or the time accurate mode to maintain stability.

The algorithm contains a numerical smoothing, which when invoked

promotes stability, but can also degrade the solution. Finally, the

turbulent viscosity can be omitted from the iteration which promotes

stability but also produces a less realistic solution. Therefore, a

strategy must be developed for the use of these various options so as to

achieve a stable but realistic solution while minimizing the number of

iterations required. For example, the iteration could be initiated with

all options turned to full stability. Then, after a number of

iterations, options could be switched to maximize the rate of

convergence. Finally, a number of iterations should be run with the

options switched to produce the most realistic solution. The strategy

used in tl. current simulation is shown in Table 1.

In Siang's implementation, convergence is measured by the L-2 norm

of the chrige in the normalized global solution vector between

successive iterations, 6t . The global solution vector, U, is the

concatenation of all of the nodal solution vectors as given in Equation

(7). Eacl. component of the change in the global solution vector is

16
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Table 1. Iteration Strategy " -"

Iteration Time Smoothing Turbulent i%

Count Step Viscosity

0- 5,000 Time On Off
Accurate

5,001-10,000 Local On Off
Time Step

10,001-45,000 Local On On
Time Step pr.

45,001-99,999 Time Off On
Accurate e

'5. -

Table 2. L-2 Norm of Increments of the Solution Vector

Iteration ll n+1lI
Count

0 0.7137 E+1

5,000 0.8197 E-2

10,000 0.7993 E-2

15,000 0.3739 E-2

45,000 0.3735 E-2

50,000 0.2662 E-2

55,000 0.2415 E-2 *

65,000 0.2560 E-2

75,000 0.2353 E-2 N

q9,999 0.2414 E-2

17
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squared, normalized by the free stream value of the respective variable,

and summed:
n+p n (pu)n+l_ (pu)n'
Sjj P [ i)2 + ( j)2

(Pv) n+l - (pvn (pe) n+l -(39)(+ pvij (v i)2 + ( j . z)2] (39)

i ePu)i (pe).

Typically, in the iteration to a converged steady state solution, the

value of this norm will drop 3 orders of magnitude from the initial

conditions and then oscillate about this reduced value, indicating that

convergence has been achieved 113]. As shown in Table 2 for the current

simulation, the value of this norm decreased from 7.137 at the outset to

0.002662 after 50,000 iterations and oscillated near that value for the

remaining 49,999 iterations. This behavior is typical of convergence to

the steady state solution. The current simulation required 92 minutes

of execution time on a Cray-I computer.

B. Velocity and Temperature Profiles

As described in Section II.A., the computational grid is 20 rib

heights in length with the top front corner of the rib located 5 rib

heights downstream from the inflow boundary, and the top back corner of

the rib located 6 rib heights downstream from the inflow boundary.

There are 100 grid lines in the streamwise X-direction, clustered around

the rib. These grid lines are numbered as the K index starting at the

inflow boundary. Hence, K -I corresponds to the inflow boundary.

Profiles of u/uo, v/v., and T/To were plotted against Y/YMAX at

the 16 streamwise locations listed in Table 3. In these profile

plots, given in Figures 2 through 49, a rib height corresponds to

Y/YMAX = 0.237. Hence, in the profile plots for K values of 28, 33, 38,

and 47,



Table 3. Profile Locations

K Distance from Inflow Boundary
(Streamwise Index) Measured in Rib Heights

0

6 2

11 3

18 (Front bottom corner of rib) 4

28 (Front top corner of rib) 5

33 (Rib centerline) 5.5 •

38 (Back top corner of rib) 6

47 (Back bottom corner of rib) 7

57 8

67 9

75 10 r.

80 11

83 12 -

85 13

89 15

100 20

19
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the curve does not reach Y/YMAX = 0 because the bottom of the

computational mesh coincides with the top of the rib or turbulence

promoter which has a Y/YMAX value greater than zero.

The profiles at K = I represent the inflow boundary conditions

where the flow has not yet properly developed. This explains the

uniformly zero vertical velocity and the fluctuating horizontal

velocity.%

At K = 6, the profiles show that the momentum and thermal boundary

layers are beginning to develop. Since this flow is predominately in

the horizontal direction, the vertical velocity is very small compared

to the horizontal velocity. Therefore, the small variations, which are

due to round off in the calculation of the vertical velocity, are nearly

the same magnitude as the actual vertical velocity, thus producing the

exaggerated fluctuation exhibited in the vertical velocity profile.

At K - 11, and 18, the profiles show the continued development of e
44

the momentum and thermal boundary layers and a verLical acceleration as

the flow begins to move up and over the turbulence promoter. Also at K

= 18, both the vertical and horizontal velocities are negative near the

solid wall which indicates the presence of a recirulation zone which

I,will be discussed later.

The locations, K = 28. 33, and 38, are at the front top corner,

midline and back top corner of the rib, respectively. The vertical
.4

velocity is positive, inoicating that the flow is moving up ever the "

rib. The horizontal velocity is greatly accelerated near the solid

wall, exhibiting a uniform prorite at K = 38, typical of a fully

developed turbulent ilow. Both the momentum arid thermal boundary layers

have been destroyed t¢ue to the intenbe 'Lurbulent nmxing which is

20
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occurring. The temperature near the wall is much lower than at previous

streamwise locations and exhibits some numerical overshoot. This

overshoot as well as the fluctuations in both temperature and horizontal NI

velocity profiles are numerical artifacts produccd by over restrictive

boundary conditions at the top boundary which will be corrected in

future calculations.

The streamwise locations, K = 47 through K = 83, sta't at the back

bottom corner of the rib and extend to the reattachment point which

marks the end of the large recirculation bubble downwind of the rib.

The temperature profiles show that the turbulent mixing behind the rib

has greatly diffused the energy from the hot solid wall to form a warm

air region which extends almost 2 rib heights vertically from the solid

wall. The horizontal vetocity profile is typical of a recirculation

zone with a negative upstream flow near th'e wall changing to a positive "

downstream flow higher in the flow field. The vertical velocity L
profiles also show evidence of flow recirculation.

The profiles at K = 85, 89, and 100, uemonstrate that both the .

momentum and thermal boundary layers are reestablished downstream of the

recirculation bubble. However, comparison of these profiles to those at

K = b, ii; and 18, upstream of the turbulence pronoter, show that the

downstream bouncary layers are much thicker and well mixed, illustrating

the effects of the intense turbulent mixing caused by the flow over the

turbulence promoter.

%.*W 1. * "e



C. Streamlines, Skin Friction, and Heat Transfer Rates

Careful analysis of the printed output at each of the 100

streamwise locations reveals the interesting details of the flow pattern

shown in Figure 50. There are five recirculatlon zones or bubbles _U

produced by the flow over the turbulence promoter. There is a clockwise B

rotating zone, 1.0 rib height in length, which begins 1.0 rib height

upstream of the rib and is approximately 0.1 rib height tall. The

second clockwise rotating bubble, which is about a half rib height in

length and very thin, begins just downstream from the top front corner

of the rib. Behind the rib there are two counterclockwise vortices

which are separated by a clockwise vortex. The first clockwise vortex,
O

which is 1.0 rib height in length, begins just behind the back top

corner and is 0.54 rib height in thickness. Adjacent to this clockwise -,.

vortex is a counterclockwise vortex of approximately the same size.

Finally, there is the very large recirculation bubble which begins ,st

downstream of the back top corner of the rib and attains a maximum %

thickness of 0.71 rib height just behind the rib. This large bubble %

extends to the reattachment point which is located approximately 7.0 rih
V...

heights from the bark top corner or 6.0 rib heights from thi back bottom

corner. *.P . .

The location of the reattachment point agrees very well with the 0

wind tunnel investigations of flow over a surface mounted cube conducted

by Castro and Robins [2]. They report that the wake producd by a

uniform turbulent stream completely decayed within b.0 cube heights .

downstream. *
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2 %



.0

p

Skin friction and heat transfer rates were calculated at the 16

streamwise locations listed in Table 3. The values of local skin

friction, shown in Table 4 and plotted in Figure 51, were calculated %

from the following equation:

au

3u
Cf waj~jl =(),- (40)

The normal derivative of the horizontal velocity was approximated as a

central difference between the J = 1 node (solid wall) and the J = 2

node (Y < 0.3281 E-4 feet). The viscosity was determined by averaging

the values given by Sutherland's Law evaluated at Tj= I and Tj= 2 .

.%
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Table 4. Local Skin Friction Coefficient PS"

K Skin Friction Coefficient 
M

(Streamwise (c' X 104)
Index)

1 0

6 62.28

11 7.43 *-%.

18 47.62 N

28 77.39

33 34.11

38 12.23

47 1.34

57 15.50

67 42.67

75 52.06

80 47.80

83 55.38 .-

85 2.24

8K 20.44
'

,

100 35.57 .*.
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The local heat transfer rates, given in Table 5 and plotted in

Figure 52, are expressed interms of the nondimensional Stanton number:

St p wall (41)

These heat transfer rates were calculated by two different methods. In %0

the first method, the Reynolds Analogy was used, in which the heat

transfer rate is related to the skin friction as follows:

Stanton Number = ic (42)

This method is widely used in turbomachinery calculations but these

calculations greatly underpredict the heat transfer rates measured

experimentally. 4

In the second method, Fourier's Conduction Law was used to evaluate

the heat transfer rate at the wall, Qall' which appears in Equation

(41):

aT (43)
Qwall = -K(;y)y=0

In this calculation, the thermal conductivity was treated as a constant

and the normal derivative of temperature was evaluated in a manner

similar to that used for the normal derivative of the horizontal

velocity discussed above. %

In the convection heat transfer process, the energy is first %

transferred by conduction from the solic wall to the fluid particles

adjacent to the wall. These fluid particles are then transported away

from the solid wall by the bulk mixing of the fluid which results in the

diffusion of energy from the solid wall. The basis for the Reynolds

Analogy is thld assumption that the same mechanism is responsible for the N,

exchange of both heat and momentum. ':his assumption disregards the

details of the energy tran.fer process at the solid walt-fluid

29iN
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Table 5. Local Heat Transfer Rates M/

K Stanton Number x 10w
(Streamwise via via

Index) Reynolds Analogy Fourier's Law

1 0.0 24.33

6 3.11 4.38

11 0.37 1.20

18 2.38 4.03

28 3.87 3.62

33 1.71 3.71

38 0.61 3.15

47 0.07 1.54

57 0.78 1.48

67 2.13 2.33

75 2.60 2.83

80 2.39 3.1i

83 2.77 4.24

85 0.11 3.39

89 1.02 3.11

100 1.78 2.90

0%
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interface. As shown in Table 5 and Figure 52, the direct calculation of

the heat transfer rate via Fourier's Law predicts heat transfer rates

which can be as great as 30 tines that given by the Reynolds Analogy.

This great dicrepancy can he explained by the fact that the Reynolds

Analogy is derived for laminar or fully turbulent flows over a flat

plate with laminar and turbulent Prandtl number, Pr = Prt = 1.0. Thus,

the Reynolds Analogy is not applicable to flows with recirculation zones

and flow reversals which cause the normal gradient of velocity to differ

greatly from the normal gradient of temperature.

%,
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SECTION IV

CONCLUSIONS

The flow field and heat transfer along a turbine blade internal

cooling passage was numerically simulated using a two dimensional

geometry. Attention was focused on the flow along a short straight

section of a rectangular passage with a single transverse mounted

turbulator protruding from its floor. The two dimensional, transient,
S

Reynolds averaged Navier Stokes, continuity and energy equations were

iterated to a steady state solution using the second order accurate

MacCormack explicit predictor-corrector algorithm. Turbulence closure V

was achieved through the use of the Baldwin-Lomax form of the

Cebeci-Smith algebraic two layer eddy viscosity model.

In contrast to the work done by earlier investigators, this study

was performed using a computational mesh which had very high resolution.

There were 100 grid lines in the horizontal (axial) direction clustered

around the turbulator and 60 grid lines in the vertical direction with

44 within the first rib height which was well within the turbulent

boundary layer. This high resolution mesh revealed considerable detail

of the flow field and heat transfer near the turbulaLor.

The calculation revealed a complex flow structure near the -,

turbulator with five stationary or standing vortices. This flow

structure, which is more complex than is ordinarily expected for such a

simple passage/turbulator geometry, has a pronounced effect upon the I.

heat transfer as shown in Table 5 and Figure 52. This significant

insight indicates that turther study is needed into the effects of

turbulator geometry and spacing (or pitch) a:; a means cf heat transfer

enhancement.

2? I i
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Furthermore, this calculation revealed a considerable difference '4,

between the heat transfer rate calculated by using the Reynolds Analogy

and that given by a direct calculation using Fourier's law. This

discrepancy results from the complex flow structure near the turbulator

which causes the normal gradient of velocity to differ greatly from the

normal gradient of temperature. Similar flow structures exist

throughout many turbomachinery components, and therefore, corresponding

heat transfer effects may occur in those components which would also be

inadequately predicted by the Reynolds Analogy. This significant

insight may lead to remedies for the underprediction of heat transfer

rates in many turbomachinery calculations.
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NOMENCLATURE V

C = skin frictioncf

c = constant pressure specific heat of air

c v = constant volume specific heat of air

D = equivalent passage diameter

e = total energy

F = flux vector

G = flux vector

H - rib or turbulator height

I = horizontal index

IMAX = maximum horizontal index

T = vertical index

JMAX = maximum vertical index

P = pitch, spacing between ribs or turbulators

Pi = flow field pressure

Pr = molecular Prandtl number

Prt  = turbulent Prandl number

Q,q - heat flux

St = Stanton number

T = air temperature

t -time

U - solution vector

u = horizontal velocity

X,x = horizontal , axial coordinate

Y,y - vertical coordinate

YMAX = maximum vertical coordlinate

%o, "b . , " " • ' " . . . .. ' ,' " . " " . . . . . . "." , - .' - . . . . . . ." . p'., .
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NOMENCLATURE (Cuntinued) "

Greek

a = rib or turbulator angle of attack

y = ratio of specific heats

6 = turbulent boundary layer thickness

6ij = Kronecker delta 
%

= turbulent eddy viscosity
S

= transformed coordinate

-= molecular viscosity of air

= transformed coordinate

p = air density

= stress tensor

Subscript

o = total values ,..

- = free stream value

wall = value at solid boundary

,%,
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